Abstract: An overview of terahertz quantum cascade lasers based on resonant-phonon depopulation is presented. Limiting mechanisms for high-temperature operation are discussed.
Introduction
Over the past several years, quantum cascade lasers of various types have been demonstrated by several groups in the long underdeveloped terahertz spectral range. The terahertz is attracting interest because of its potential for applications in sensing, imaging, and spectroscopy in such varied fields as astrophysics and atmospheric science, biological and medical sciences, security screening and illicit material detection (i.e. explosives, drugs, etc.), nondestructive evaluation, communications technology, and ultrafast spectroscopy. Many applications originate from the strong THz spectral signatures associated with molecular vibrational and rotational transitions, or lattice vibrations in crystalline solids, opening the possibility of sensitive chemical detection. Furthermore, its ability to penetrate many optically opaque materials, (i.e. clothing, plastics, and packaging materials) makes it appealing for security screening or non-invasive inspection of materials and manufactured items.
Terahertz QC-Iasers have been demonstrated at frequencies between 1.2-5.0 THz (A'"-' 60-250 JLIll) without assistance of a magnetic field [1] , and as low as 0.68 THz (440 JLIll) has been achieved in high B-fields. For the best devices, output powers can be as high as 250 mW in pulsed mode, and 130 mW in continuous-wave mode [2] , however this depends on the details of the THz waveguide and optical coupling efficiency. While performance is still limited to cryogenic temperatures, lasers based upon resonant-phonon assisted depopulation schemes combined with metal-metal waveguides have demonstrated the highest temperature operation, up to 178 K in pulsed mode, and 117 K in continuous-wave mode [3, 4] . Having achieved continuous-wave operation above 77 K, THz QC-Iasers appear well suited for use as local oscillators for heterodyne receivers, provided issues of beam pattern and phase locking can be addressed [5, 6] . Furthermore, power levels are sufficiently high to serve as narrowband sources for real-time imaging, potentially for security or non-destructive evaluation applications over stand-off distances [7, 8] . 
Temperature degradation in resonant-phonon active regions
Generation of light in a THz QC-Iaser is based upon intraband radiative transitions between quantized subbands that are engineered within multiple-quantum-well active regions. The two most common active region designs used today are the resonant-phonon design [9] and the bound-to-continuum design [10] . We focus here on the resonantphonon (RP) scheme (shown in Fig. 1 ). As is common for most mid-IR QC-Iasers, collector/injector states are designed to be approximately E LO = 36 meV below the lower radiative state" 1", so that electrons in the lower state will scatter very quickly into the injector states by emitting an LO-phonon. The key development of the resonantphonon scheme was bringing the lower radiative state into tunneling resonance with the excited state in the adjacent SuG3.pdf wide quantum well, so that its wavefunction is spread over several wells. As a result, the lower radiative state maintains a strong spatial overlap with the injector states and experiences sub-picosecond LO-phonon scattering. Meanwhile, the upper state "2" however remains localized and has very little overlap with the injector states, which suppresses scattering to the injector states and preserves a lifetime of several picoseconds.
In general, well designed resonant-phonon lasers with MM waveguides regularly operate above 130 K and even as high as 178 K [3, 4] whereas other designs tend to top out around 100-115 K [11, 12] (see Fig. 2(a) ). This is likely related to the fact that LO-phonon scattering is an efficient, relatively temperature independent depopulation mechanism, and the explicit inclusion of an LO-phonon scattering event for depopulation means that RP designs present a large energetic barrier (---36 meV) to thermal backfilling. While cw operation above liquid nitrogen temperature is a major technological achievement, there is considerable interest to achieve operation at temperatures accessible by thermoelectric coolers or even better, at room temperature. There are two major processes that are expected to cause the degradation of population inversion (and thus gain) in terahertz QC-Iasers at higher temperatures: thermal backfilling and thermally activated phonon scattering. A schematic of these processes is shown in Fig. 2(b) . Thermal backfilling of the lower radiative state with electrons from the heavily populated injector occurs either by thermal excitation (according to the Boltzmann distribution), or by re-absorption of non-equilibrium LO-phonons (hot-phonon effect) [13] . In mid-IR QC-Iasers thermal backfilling is suppressed by adopting depopulation schemes based upon two sequential LO-phonon scattering events [14] -a key development in demonstrating room-temperature continuous-wave mid-IR QC-Iasers [15, 16] . Two-phonon depopulation schemes have been attempted for THz QC-Iasers, however no particular improvement in performance was observed [17] . While the two-phonon design performance was likely hindered by the introduction of parasitic current channels, this result suggests that thermal backfilling is not yet a limiting mechanism for high-temperature operation. The other principal degradation mechanism is the onset of thermally activated LO-phonon scattering, as electrons in the upper subband acquire sufficient in-plane kinetic energy to emit an LO-phonon and relax to the lower subband. This causes the upper state lifetime 1"21 to decrease exponentially according to r;11 DC expj -(E ro -hv)/kBI:] where hv is the terahertz photon energy, and k B is the Boltzmann constant. This mechanism sensitively depends on the electron gas temperature T e , which Monte-Carlo simulations as well as microprobe photoluminescence measurements suggest is 50-100 K higher than the lattice temperature during device operation [18, 19] . Various strategies that have been proposed to suppress this mechanism, including the design of a more diagonal radiative transition to suppress the LO-phonon scattering cross section, the use of GaN-based materials that take advantage of the large optical phonon energies ('"'-'90 meV) [20] , and the use of magnetic fields [21] or quantum dots to suppress non-radiative LO-phonon scattering [22] .
For resonant-phonon designs, transport considerations also play a major role in limiting temperature performance, because for a given design, temperature range is largely determined by the dynamic range between the threshold current density .fth and the maximum current density J rnax • When J rnax is reached, subband misalignment occurs and the device exhibits negative differential resistance. However, reductions in Jth are often limited by the presence of a parasitic current channel that occurs when the injector states couple with the excited state in the wide well. This bias condition is shown in Fig. 1(b) . Since electrons are not injected into the proper upper state "2" until SuG3.pdf biased beyond this point, which imposes a minimum "floor" for the threshold. This effect becomes increasingly important for longer wavelength lasers, as the energy levels become more closely spaced. Improvements in designs to reduce subthreshold parasitic current channels that limit reductions in .fth' and to raise the maximum current, will continue to improve temperature performance of resonant-phonon THz QC-Iasers.
Conclusion
As mentioned above, efforts to improve temperature performance of THz QC-Iasers are focused on optimizing transport and injectors, as well as suppressing non-radiative LO-phonon scattering at high temperatures. Achieving room-temperature operation of terahertz QC-Iasers will require some additional revolution in the field, either through the invention of a new active-region design, or more radically, through the use of a new material system. However, it would be a mistake to focus exclusively on room-temperature operation as a metric for success, since there are many applications, such as heterodyne receivers for astronomy, or nondestructive inspection in an industrial setting, where some form of cooling would be acceptable. Miniature Sterling cycle coolers that weigh less than 1 kg are available to cool devices to 77 K while sinking> 1 Watt of heat. Terahertz QC-Iasers are now the brightest cw solid-state sources that operate above liquid nitrogen temperatures in the 1.2-5 THz range, and the extension of coverage to frequencies below 1 THz is exceeding expectations. In the future, we may expect advances in tunability, output powers, and beam patterns, in order to provide widely tunable sources for sensing, spectroscopy, and imaging.
